Vagal nerve stimulation in cardiac therapy involves delivering electrical current to the vagal sympathetic complex in patients experiencing heart failure. The therapy has shown promise but the mechanisms by which any benefit accrues is not understood. In this paper we model the response to increased levels of stimulation of individual components of the vagal sympathetic complex as a differential activation of each component in the control of heart rate. The model provides insight beyond what is available in the animal experiment in as much as allowing the simultaneous assessment of neuronal activity throughout the cardiac neural axis. The results indicate that there is sensitivity of the neural network to low level subthreshold stimulation. This leads us to propose that the chronic effects of vagal nerve stimulation therapy lie within the indirect pathways that target intrinsic cardiac local circuit neurons because they have the capacity for plasticity.
Introduction
Vagal nerve stimulation is currently being used to treat epilepsy and is being explored for the treatment of heart disease and other ailments [1] . Specifically, it is being utilized to treat patients experiencing cardiac arrhythmias [2, 3] and heart failure [4, 5] . This procedure involves delivering electrical stimuli to the cervical vagal sympathetic complex (VSC) [6, 7] . VNS therapy, which involves delivering electrical current to the VSC, has been shown to impart some benefit to cardiac arrhythmia and heart failure patients [3, 4, 8, 9] . The mechanisms by which this benefit is obtained are not fully understood [3, 8, 10, 11] . Furthermore, the level and mode of current delivery required to obtain optimum clinical outcome is not known [4] .
The VSC contains axons that carry cardiovascular sensory feedback to the medulla along with both parasympathetic and sympathetic motor axons that project to neurons on the heart [12] . These parasympathetic preganglionic efferent axons synapse with (1) intrinsic cardiac parasympathetic efferent postganglionic neurons that innervate the cardiac musculature and (2) intrinsic cardiac local circuit neurons [13] . The second are much more numerous than the first [13] . For the purpose of the present paper we shall refer to the first of these as a ''direct'' parasympathetic pathway because its axons synapse directly with cardiac cholinergic postganglionic neurons. The second shall be referred to as an ''indirect'' parasympathetic pathway because its axons synapse with intrinsic cardiac local circuit neurons that in turn modulate cardiac motor neurons. The main feature of the direct pathway is that it involves single pre-to-postganglionic synapses, while the indirect pathway involves multiple synapses organized as a neural network.
When the complex structure of the VSC is stimulated, all of its elements may be affected. Afferent axons along with efferent cholinergic and adrenergic axons may become activated. As a consequence, the corresponding alteration in cardiac indices elicited in the process are multifaceted. These processes are at present difficult to resolve in the intact state. Thus the questions of what is being affected by vagal stimulation therapy and how to interpret the resulting changes in cardiac indices, particularly heart rate, remain unresolved. The prospects for resolving these questions in an experiment are clearly limited. Added to these difficulties is the fact that the neural control system of the heart is a multilevel network [14] . As such, it is not known how effects of VNS therapy influence the dynamics of cardiac control. Similar questions arise in cranial nerve stimulation which is a growing therapeutical strategy for treating epilepsy and various psychiatric disorders [15] [16] [17] [18] [19] [20] [21] [22] .
In this paper we present a model in which the direct and the indirect pathways of VNS therapy on individual elements of the cardiac hierarchy can be isolated. This permits understanding the putative complexity of cardiac responsiveness to such therapy. By selectively activating the different elements of the VSC and observing their individual impact on the cardiac control hierarchy, our aim is to establish a relationship between stimulation of the various components of the VSC and the ensuing effects within the neural control hierarchy of the heart.
Neural Control of the Heart
In the classical view, neural control of the heart was explained mainly in terms of central neural command, specifically in terms of medullary and spinal cord autonomic efferent preganglionic neurons targeting efferent postganglionic neurons that innervate the heart [23] . In recent years it has become clear that there is a 3-level hierarchy of cardiac control, two of these residing outside the central nervous system, specifically (1) within the intrinsic cardiac nervous system and (2) within intrathoracic extracardiac ganglia. The results we present in this paper are based on a model of this 3-level control system which has previously been shown to explain heart rate phenomena which could not be explained with the classical view of cardiac control by central command [14, 24, 25] .
Neural Network
A key feature of this model is that each of the three levels of control is assumed to consist of a population of neurons which influence and are influenced by each other at their own level of control as well as at adjacent levels. We refer to this collectively as the ''neural network''.
The network we use in this paper has 3N neurons equally divided among three levels of control which we shall refer to as levels 1,2,3, ''bottom'', ''middle'', ''top'', or ''cardiac'', ''intrathoracic'', ''central'', respectively. Two indices, j,k are used to identify the k th neuron at the j th level. The state of activity (: level of discharge)
for sympathetic control,
for indirect parasympathetic control, and X r
for direct parasympathetic control as explained in more detail below. All neural activity is scaled to range between 1.0 when a neuron is most active and 0.0 when it is inactive.
Heart Rate Control Algorithm
Broadly speaking, the neural network receives continuous neuronal updates of current demand for blood flow and current heart rate, and processes this state of the system at each time interval to produce an appropriate change in heart rate. The main result of this process, which is a key feature of the model, is that demand for blood flow does not proceed directly to the heart or to central command but to the neural network as a whole. The way this occurs is described briefly below, more details can be found in [14, 24] . Heart rate is constrained to lie between a prescribed base value and a prescribed maximum value. A scaled heart rate H is used such that H51.0 when heart rate is maximum and H50.0 when heart rate is at base value.
The dynamics of the neural network unfold piecewise at consecutive time intervals t (n) , n~1,2, . . ., where demand for blood flow and current heart rate are used as inputs and an incremental ''move'' DM (n) (t) is produced as output. The average activity of sympathetic efferent postganglionic neurons at the cardiac level is used as an external input to motor neurons at the cardiac level such that the efferent sympathetic neural input E s to the heart satisfies
where K s is a sympathetic gain, t s is a sympathetic time constant, a s is a sympathetic reference level and
where N s 1 is the number of sympathetic neurons at the cardiac level. Indirect parasympathetic efferent preganglionic neural activity X p (n) À Á j,k passes through the neural network and appears as input to parasympathetic efferent postganglionic motor neurons at the cardiac level such that the efferent indirect parasympathetic neural input E p to the heart satisfies
where K p is an indirect parasympathetic gain, t p is indirect parasympathetic time constant, a p is the indirect parasympathetic reference level and
where N p 1 is the number of indirect parasympathetic neurons at the cardiac level. Direct parasympathetic activity X r (n) bypasses the neural network and proceeds directly from central command to the heart such that efferent direct parasympathetic neural input E r to the heart satisfies
where K r is a direct parasympathetic gain, t r is direct parasympathetic time constant, a r is direct parasympathetic reference level, H (n) and D (n) are prevailing heart rate and blood demand at time interval n and h r ,d r are ''sensitivities'' of direct parasympathetic neurons to heart rate and blood demand, respectively.
Finally, the change in heart rate or ''move'' DM (n) at time interval n is the net of the above three efferent contributions
where a s ,a s ,a p are constants.
Within each time interval t n , heart rate is a continuous function of time governed by a first order linear system
where t H is a time constant and
For simplicity, this time dependence will not be shown explicitly in what follows but will be implicit within each time interval t (n) .
Neural Discharge
In general, the level of activity of a neuron (neural discharge) is determined by the demand for blood flow but is also affected by current heart rate and by the level of activity of neighboring neurons. Specifically, the action potential generated by a neuron j,k within the network in time interval t (n) is represented by the state of activity X
of that neuron. A change in the state of activity of the neuron due to these effects shall be denoted respectively by
, and total change by D X
We distinguish between two types of neurons [26, 27] : ''heart-rate neurons'' which are affected by only current heart rate and the activity of neighboring neurons, and ''blood-demand neurons'' which are affected by only demand for blood flow and the activity of neighboring neurons.
Thus the change in the state of activity of a sympathetic neuron j,k is given by
heart-rate neurons ð9Þ
and the corresponding change in the state of activity of an indirect parasympathetic neuron is similarly given by
heart-rate neurons ð11Þ
The extent to which heart rate H and blood demand D affect the state of activity of a sympathetic or parasympathetic efferent neuron (j,k) depend on heart rate and blood demand ''sensitivities'' (h s ) j,k and (d s ) j,k such that for a sympathetic neuron
and for a parasympathetic neuron
where H (n{L) is heart rate delayed by a time constant t L~L Dt and h is the mean of h s ð Þ j,k and h p À Á j,k over the entire network.
The way in which the state of activity of a neuron j,k is influenced by the states of activity of its neighboring neurons is what we have referred to as ''networking''. It is a key feature of the model whereby every neuron within the network influences and is influenced by other neurons.
Networking is represented by d 3 in Eqs.9,10,11,12. The extent of networking between a particular neuron j,k and its N b(j,k) neighboring neurons J(i),K(i), i~1,2 . . . N b(j,k) (upper case J,K being used to represent neighboring neurons) is determined by the weighted sum of the difference prevailing in time interval t (n) between the state of activity of that neuron and the states of activity of the neighboring neurons. Thus, for a sympathetic neuron we have
where W J(i),K(i) is a weighting, a measure of the connectivity between neuron j,k and its neighbor J(i),K(i).
Animal Experiments
Vagal stimulation experiments described below were performed on intact dogs specifically to demonstrate threshold phenomena in observed heart rate changes as the level of VNS stimulation was gradually increased from zero. The individual animals (n58) were mongrel adults weighing between 20-25 kg. Response to VNS was examined in the conscious and anesthetized states. We have found in previous studies that both in the conscious (see Experimental Results section) and anesthetized [12, 28] states the system maintains bidirectional sensitivity. The main results we present are based on the response to VNS from an animal that was anesthetized. We also show the average response to VNS from 7 animals that were in the conscious state. Under aseptic surgical conditions and isoflurane (2%) anesthesia, the latter group received VNS therapy system implant (Demipulse 103 implantable stimulator with Model 304 bipolar helical cuff; Cyberonics, Houston, TX) involving the right cervical vagus nerve. Following a two week recovery period, animals were trained to the Pavlov stand. Following an initial 4 week titration period, VNS response curves were determined at 10 Hz, 500 msec pulse width, with a 18% duty cycle (14 sec on, 66 sec off) and with current randomized between 0.25 to 3.50 mA. Heart rate responses were quantified by the percent change from the baseline in response to VNS as shown in the results. All experiments were performed in accordance with the guidelines for animal experimentation described in the ''Guide for the Care 
Instrumentation
Animals were pre-medicated with sodium thiopental (15 mg/kg, i.v), intubated and anesthetized using 2% isoflurane. The left femoral vein was catheterized to allow fluid replacement as well as the administration of anesthetic and pharmacological agents. Left ventricular chamber pressure was measured via a 5-Fr Mikro-Tip pressure transducer catheter (Millar Instruments, Houston, TX) inserted into that chamber via the left femoral artery. The right femoral artery was catheterized to monitor aortic pressure using another Mikro-Tip transducer. Heart rate was monitored via ECG lead II. All hemodynamic data were digitized (Cambridge Electronic Design power 1401 acquisition system with Spike 2 software) for subsequent off-line analysis.
Following a ventral midline incision, both cervical vagosympathetic nerve trunks were isolated. For the right cervical vagosympathetic trunk, a bipolar helical cuff stimulation electrode (Cyberonics, Inc) was placed around that nerve, with the distal electrode positioned distal to the head. The lead was secured in place and connected to a Grass S88 stimulator via a Grass PSIU6 current isolation unit.
Throughout all surgical procedures, depth of anesthesia was assessed by monitoring corneal reflexes, jaw tone and alterations in cardiovascular indices. Body temperature was monitored rectally and maintained steady via a circulating water heating pad (T/Pump, Gaymar Industries Inc., Orchard Park, NY). Respiration was controlled using an artificial ventilator (at 12-16 cycles/min) supplied with oxygen. Acid-base status was evaluated hourly (Irma TruePoint blood gas analyzer, International Technidyne Corp., Edison NJ); tidal volume was adjusted and bicarbonate infused as necessary to maintain blood gas homeostasis. Following completion of the surgery, anesthesia was changed to alpha-chloralose (75 mg/kg i.v. bolus), with continuous infusion (16 mg/kg/hr) adjusted as required throughout the duration of the study.
Experimental Protocol
The right cervical vagus was stimulated electrically with current intensities ranging from 0.25 mA to 3.5 mA in increments of 0.25 mA. We employed a stimulus isolation unit (Grass model PSIU6 photoelectric isolation unit) which was connected to the Grass stimulator to active the vagosympathetic complex with constant current for anesthetized studies. For conscious animals, we used a Cyberonics Demipulse 103 implantable stimulator to deliver VNS. Each 122 s stimulation cycle consisted of 500 ms duration pulses delivered at a frequency of 10 Hz over a period of 14 s (VNS on) followed by a period of 108 s of zero stimulation (VNS off). The intensity of electric current used in each of these 122 s stimulation cycles of VNS on/off was chosen randomly within the range 0.25 mA to 3.5 mA in increments of 0.25 mA. Digitized hemodynamic data for off-line analysis consisted of beat-to-beat heart rate, blood pressure, left ventricular pressure and its time derivative dp/dt. 
Results

Experimental Results
A key feature of VNS is that the response of heart rate to stimulation is not a ''predictable'' function of the intensity of stimulation. This is illustrated in Figures 1-4 in which the intensity of stimulation was at baseline (0.0 mA) followed by 0.25 mA, 0.75 mA, and 1.75 mA, respectively. At the lowest intensity, heart rate response to stimulation is inconsistent and barely noticeable. At the intermediate intensity of 0.75 mA there is a clear and consistent tachycardia in response to stimulation, while at 1.75 mA there is a clear and consistent bradycardia. While these results were based on an anesthetized animal, the average (Figure 1 ) and is typical at low blood demand and in the presence of low level noise within the system [14] . Brief intervals of resonance, whereby the oscillations are subdued, can be observed in both cases. response to VNS from 7 animals that were in the conscious state is shown in Figure 5 .
Model Simulation Results
The model simulations described in what follows were designed to examine the interplay between the direct and the indirect pathways to the heart as the VSC is stimulated at different intensities. While in the experiment these pathways cannot be separated, in the model they can be activated with different intensities and independently from each other or can actually be turned on or off entirely.
Specifically, ''stimulation'' of the indirect component is implemented by a decrease in the sensitivities of heart rate neurons to current heart rate, and an increase in the sensitivities of blood demand neurons to current blood demand. The two effects are applied simultaneously and continuously while stimulation is ON, and to both sympathetic and parasympathetic local circuit neurons. Stimulation of the direct component is implemented by an increase in the intensity of the efferent direct parasympathetic input to the heart (a r in Eq.6).
Baseline: The amounts by which the sensitivities to current heart rate and current blood demand are changed, as described above, determine the ''intensity of stimulation'' in the model simulations to be described in what follows. It is important to point out that while the progression of this stimulation intensity in the model from zero to higher levels will mimic the corresponding progression of stimulation in the experiment, it is not possible to actually relate the levels of these two stimulation intensities in any direct way. Instead, in what follows we present the effect on heart rate only as the stimulation intensity is progressively increased from zero. The pattern of heart rate with zero stimulation is shown in Figure 6 . The oscillatory pattern and the variability in that pattern is similar to that observed in the experiment (Figure 1 ) and is typical at low blood demand and in the presence of low level noise within the system [14] . Brief intervals of resonance whereby the oscillations are subdued can be observed in both cases.
Subthreshold: As the level of stimulation is increased from zero in the model the effect on heart rate is barely visible, as observed in Figure 7 . Here the direct component of the VSC is turned off and the indirect component is minimally stimulated as described above. We refer to this set of conditions as ''subthreshold'' Figure 8 . Model simulation under sympathetic threshold conditions whereby the direct component of the VSC is not being activated but the indirect component is being activated at higher intensity than that in Figure 7 . Pronounced tachycardia is observed, similar to that seen in the experiment under moderate intensity stimulation (Figure 3 ). Red bars indicate time intervals when VNS is on.
doi:10.1371/journal.pone.0114498.g008 in the sense that no qualitative changes in heart rate are discernible at this level of stimulation. It is important to point out that while the direct component of the VSC is not being activated at this level of stimulation, the indirect component of the VSC and therefore the local circuit elements of the neural network are being activated. This has important implications which will be discussed later. Sympathetic Threshold: As the level of stimulation is increased above the subthreshold level, but with the direct component of the VSC remaining OFF, a significant tachycardia occurs as shown in Figure 8 . Within the construct of the model, this is clearly because we have chosen to make the indirect component of the VSC dominant over the direct element. For this reason we refer to this choice of relative influence of the two pathways as the ''sympathetic threshold'', as indicated in the figure. It is important to note that the term ''sympathetic threshold'' is here not intended to imply that the sympathetic network is being directly stimulated at this point but rather that the response to the twin effects of a reduced feedback to heart rate neurons at the cardiac level and increased demand to blood demand neurons at the central level is being dominated by the sympathetic network.
Parasympathetic Threshold: Finally, as the level of activation of the direct component of the VSC is gradually increased from zero, with the level of stimulation of the indirect component being maintained under the sympathetic threshold conditions, the parasympathetic elements of the direct component of the VSC become dominant. The result is a significant bradycardia as shown in Figure 9 , hence we refer to this as the ''parasympathetic threshold'', again, implying only that the response to stimulation is now being dominated by the direct component of the VSC.
Discussion and Conclusions
The clinical efficacy of vagal nerve stimulation for the control of heart rate is not understood at present because of the following major issues. First, it is not known precisely which components of the VSC are being activated when the stimulation is applied in the clinical setting. Second, it is not known how the effects of stimulation differentially influence the three levels of neural control hierarchy of the heart. Third, only changes in heart rate at the time of intermittent stimulation are currently available as a guide as to the efficacy of the procedure. Fourth, the long term effects of stimulation on the heart are not known. Indeed, the basis or mechanism for such long term effects have not been established.
In the face of these issues we propose a mathematical model of the neural control hierarchy of the heart in which neural pathways under different scenarios of vagal nerve stimulation can be separated and identified. The motivation for this approach is that the above issues are difficult to resolve experimentally because the components of the VSC are not accessible individually. Thus the model not only provides this access but allows individual activation of the different components of the VSC.
At the core of our findings, based on the mathematical model, is a distinction that must be made between direct parasympathetic pathways whereby cardiac motor postganglionic neurons are targeted directly, and indirect sympathetic and parasympathetic pathways which interact indirectly with a population of local circuit neurons on the heart.
The application of VNS in the model is implemented differently for the direct and indirect pathways. For the direct pathway, stimulation is implemented by simply increasing the intensity of activation. By contrast, stimulation of the indirect pathway is implemented by (i) a reduction in sensitivity of heart rate Figure 10 . A map of neural activity (discharge) at the three levels of the neural network under the model baseline conditions. The range of activity is normalized to lie between 0 (no activity) and 1.0 (maximal activity). There are 600 neurons at each level of the network (Sympathetic neurons: blue 5 central, green 5 intrathoracic, red 5 cardiac. Black represents 100 parasympathetic neurons at the cardiac level.) The pattern of activity is consistent with the pattern of heart rate variability observed in Figure 6 . doi:10.1371/journal.pone.0114498.g010 Figure 11 . A map of neural activity (discharge) at the three levels of the neural network under the model subthreshold conditions and corresponding to the pattern of heart rate observed in Figure 7 . Legend as in the caption of Figure 10 . doi:10.1371/journal.pone.0114498.g011 neurons and (ii) an increase in sensitivity of blood demand neurons. In addition, in the model, heart rate neurons are located mainly at the level of the intrinsic nervous system while blood demand neurons are located mainly at the level of the central nervous system. Thus, VSC stimulation of the indirect pathway in the model is represented as a complex combination of a reduction in afferent feedback and an increase in efferent drive caused by an increase in central sensitivity to blood demand. Figure 12 . A map of neural activity (discharge) at the three levels of the neural network under the model sympathetic threshold conditions and corresponding to the pattern of heart rate observed in Figure 8 . Tachycardia observed in Figure 8 is here seen to be the result of higher activity of sympathetic neurons at all three levels of the neural network, coupled with some suppression of parasympathetic activity induced mainly by withdrawal of afferent feedback at the cardiac level. Legend as in the caption of Figure 10 .
doi:10.1371/journal.pone.0114498.g012 Figure 13 . A map of neural activity (discharge) at the three levels of the neural network under the model parasympathetic threshold conditions and corresponding to the pattern of heart rate observed in Figure 9 . Here the direct component of the VSC is stimulated, with the level of stimulation of the indirect component being maintained the same as under the sympathetic threshold conditions. The direct component of the VSC dominates, leading to the bradycardia observed in Figure 9 . Legend as in the caption of Figure 10 . The model results indicate that at very low levels of stimulation, if only the indirect pathways through the VSC are activated, no discernible change in heart rate is produced. As the level of stimulation is gradually increased beyond a certain threshold, a clear tachycardia is observed. Then, as the intensity of the direct pathway is gradually increased, while the level of activation of the indirect pathways are maintained, another threshold emerges where the net effect on heart rate is reversed and a clear bradycardia becomes evident.
We have thus modeled the response to increased levels of activation of the VSC as the differential activation of different components of the VSC. To the extent that the model results exhibit features similar to those observed in the anesthetized animal, we are led to conclude that different components of the VSC may respond differentially to different levels of stimulation.
In particular, our interpretation of the bradycardia observed at higher levels of stimulation in the experiment is that the effect of stimulation is now dominated by the direct parasympathetic elements of the VSC whose intensity has been increased. On the other hand, our interpretation of the tachycardia observed at lower levels of stimulation in the experiment is that now the indirect elements of the VSC are primarily active. As stated earlier, in this case VNS stimulation in the model is represented as a complex combination of a reduction in afferent feedback and an increase in efferent drive caused by an increase in central sensitivity to blood demand. The net result is the observed increased heart rate.
What the mathematical model also provides beyond what is available in the animal experiment is the simultaneous assessment of neuronal activity throughout the entire cardiac neuronal hierarchy. This is illustrated in Figures 10-13 which correspond to the baseline and threshold conditions seen in Figures 6-Figure 14 . The difference between neural activity under baseline and subthreshold conditions, obtained by subtracting the map in Figure 6 from that in Figure 7 . The figure demonstrates that while there were no discernible effects of subthreshold stimulation on either heart rate or neural discharge, there was considerable difference in neural activity under subthreshold conditions compared with those at baseline. In this figure the activities of all sympathetic neurons are shown in blue and the parasympathetic in red. Black bars indicate time intervals when VNS is on.
doi:10.1371/journal.pone.0114498.g014
9. These figures show clearly that under subthreshold conditions, while there are no discernible changes in heart rate ( Figure 7) , there is considerable neural activity at all levels of the neural network ( Figure 11 ). That this neural activity is different from baseline, is confirmed in Figure 14 which shows the difference between the level of discharge of each neuron at baseline and at subthreshold conditions.
The sensitivity of the neural network to low level subthreshold stimulation leads us to propose that the chronic effects of VNS therapy lie within the indirect pathways because plasticity and the potential for remodeling reside within the local circuit neurons of the intrinsic cardiac system and within the neural network comprising the indirect pathways [24] . By inference, the prospects for long term effects of VNS therapy lie in low level, ''subthreshold'', activation where the indirect ''plastic'' components of the control system are involved.
